Objective: To determine plasma aldosterone concentration (PAC) and plasma renin concentration (PRC) and aldosteroneto-renin ratio (ARR) values in a population attending a Clinic for Cardiovascular Risk Assessment in Children.
INTRODUCTION
T he recent Clinical Practice Guidelines of the Endocrine Society recommend the evaluation of the aldosterone-to-renin ratio (ARR) as the screening test for primary aldosteronism the most frequent form of secondary hypertension [1] . This recommendation stems from the knowledge that the combined evaluation of aldosterone and renin is superior to that of either measurement alone for detecting primary aldosteronism [2, 3] . Evaluating the ARR is also useful to assess the cardiovascular risk as high values of ARR were found to be associated with incident hypertension [4] and with cardiac, vascular and renal alterations in adults and in children [5] [6] [7] [8] [9] . However, although numerous studies have extensively investigated the ARR in normotensive and hypertensive adults [4, [10] [11] [12] [13] , in children there is an impressive scarcity of studies investigating the ARR distribution. This is surprising as the well known changes in renin levels that occur in pediatric age [14] may profoundly modify ARR values with respect to those found in adults. Actually, to our knowledge, only one article [15] has thoroughly investigated the ARR in a cohort of children with and without a family history of hypertension, but none using the immunochemiluminescent assays [16] that are progressively replacing the radioimmunoassays of plasma renin activity (PRA) and plasma aldosterone [17] . However, there are differences between the new methods and the old ones, and these are particularly relevant for renin in that PRA is an enzymatic assay whose final results depend both on renin and angiotensinogen concentration, whereas the immunochemiluminescent assays directly measure active renin mass concentration exploiting highly specific mAbs directed against the renin molecule [18] . In this study, the latter methods were used to measure plasma aldosterone and plasma renin concentrations (PAC, ng/dl and PRC, mU/ l), and calculate ARR in a large sample of children attending the Clinic for Cardiovascular Risk Assessment in Children of the Istituto Auxologico Italiano, University of MilanoBicocca. The goal of the study is to investigate the relationship of PAC, PRC and ARR with sex, age and pubertal status adjusting for body weight and blood pressure (BP) and other confounders that may potentially affect PAC, PRC and ARR values.
METHODS
We studied a cohort of children consecutively referred by their primary care pediatricians to the Unit for Cardiovascular Risk Assessment in Children of Istituto Auxologico Italiano, University of Milano-Bicocca, due to evidence of elevated BP values and/or weight excess and/or a positive family history of hypertension. Children affected by impaired glucose tolerance or diabetes were excluded. Specific diagnostic tests to rule out secondary hypertension were carried out. These included in all children cardiac ultrasound studies to rule out coarctation of the aorta. In addition, in prehypertensive and hypertensive children, kidney ultrasound and renal arteries echo-Doppler investigations were carried out whenever alterations were found in renal function [alterations in estimated glomerular filtration rate (eGFR), albumin excretion, presence of hematuria] or in plasma electrolytes. Also urinary catecholamines were measured in children with history of sudden BP elevations. Children with secondary forms of hypertension as well as those on antihypertensive treatment and female adolescents taking hormonal contraceptives were excluded from the study. Informed consent was obtained from the children's parents, and the local Ethical Committee approved the study protocol.
Definition of terms and groups
Age in years was categorized into intervals [4] [5] [6] [7] [8] [9] , [9] [10] [11] , [11] [12] [13] , [13] [14] [15] [16] [17] [18] , where [indicates the value included and) indicates the value excluded. Height, weight (mobile digital scale, SECA; Vogel & Halke GmbH, Hamburg, Germany; precision 100 g) and waist circumference were measured with the patients in their underwear. BMI was calculated as weight (kg)/height (m 2 ). BMI z-scores were calculated using the CDC charts available at http://www.cdc.gov/ nchs/. Weight was approximated to hectograms, whereas height precision was 5 mm. Weight class was defined according to the tables of the International Obesity Task Force [19] distinguishing among: normal weight, over weight and obese. Waist circumference was measured to the nearest 0.1 cm by a nonelastic flexible tape with the children in a standing position. The tape was applied horizontally midway between the lowest rib margin and the iliac crest. Waist-to-height ratio (WtHr) was calculated by dividing waist circumference by height. Pubertal stage was assessed by a medical examination and children were classified into two categories: prepubertal and pubertal according to Tanner [20] , considering prepubertal boys with gonadal stage 1 and girls with breast stage 1.
BP was measured by investigators using an aneroid sphygmomanometer with the appropriate cuff for the child's upper arm size. The sphygmomanometer was calibrated before starting the study and once a month thereafter with a mercury sphygmomanometer. SBP was defined by the first Korotkoff sound (appearance of sounds) and DBP was identified by the fifth Korotkoff sound (disappearance of sounds). BP values were approximated to the nearest 2 mmHg. Measurements were performed while children were sitting with their back supported and the cubital fossa supported at the heart level, after a rest of at least 5 min. BP was taken three times (3-5-min intervals) and SBP and DBP z-scores, and percentiles were calculated according to the nomograms recommended by the National High Blood Pressure Education Program Working Group on High Blood Pressure in Children and Adolescents [21] . Each child was classified according to the percentile of the mean of the three measurements as being: normotensive if both SBP and DBP percentiles were less than the 90th; prehypertensive if the SBP and/or DBP percentile was greater than or equal to the 90th but both were less than the 95th; hypertensive if the SBP and/or DBP percentile was greater than or equal to the 95th. Family history of hypertension was defined as the presence of at least one parent with hypertension.
Laboratory methods
Blood samples were collected between 8 and 10 a.m. from an antecubital vein into potassium EDTA tubes after a 12-h fasting period, in a quiet environment, after at least 10 min of rest in the sitting position and in the presence of one of the child's parents. Samples were immediately spun down at room temperature separated, frozen and stored at À20 8C until time of analysis. Plasma sodium, potassium, glucose, insulin and creatinine were evaluated. Electrolytes were measured with the direct potenziometric method. Plasma glucose was measured by a glucose oxidase method and insulin was evaluated by chemiluminescent immunometric assay. HOMA index was calculated by dividing the product of plasma insulin (mU/ml) and plasma glucose (mmol/l) by 22.5 [22] . Plasma creatinine was measured using the Jaffe method referable to the standardized reference measurement procedure [isotope-dilution mass spectrometry (IDMS)], as recommended. eGFR by means of the Schwartz formula using plasma creatinine and height measurements and a k constant of 0.55 [23] .
PAC and PRC were measured simultaneously on a fully automated platform (Immunodiagnostic System, Boldon, UK) with the newly developed immunochemiluminescent iSYS methods as described in detail elsewhere [24] . For both assays, highly specific mAbs raised against aldosterone and human renin were used. For PAC determination, 200 ml of EDTA plasma sample undergo an initial two-step incubation with a biotinylated antialdosterone antibody and an aldosterone-acridinium-conjugated tracer followed by the addition of streptavidin-coupled magnetic particles. After capture of the particles with a magnet, the mixture undergoes a series of washings to separate the bound from the unbound analyte. The subsequent addition of NaOH and H 2 O 2 causes the light to be emitted by the acridinium label in an amount inversely proportional to that of plasma aldosterone. The aldosterone assay is calibrated against the IDMS method provided by the Reference Institute for Bioanalytics (RfB, Bonn, Germany) with values ranging from 2.0 to 132 ng/dl (55.4-3556 pmol/l). The limit of detection is 3.7 ng/dl with an intraassay and interassay variability ranging, respectively, from 8.4 to 1.7% and from 12.8 to 5.2% for low and high values of PAC.
For PRC measurement, 190 ml of EDTA plasma are incubated with a biotinylated capture antibody recognizing both renin and prorenin and an acridinium-labeled detection antibody directed against the active site of renin. Streptavidin-coated particles are then added, incubated with the mixture, captured by a magnet and finally washed to separate any unbound analyte. As for the aldosterone assay, the chemiluminescent reaction is activated in a basic milieau, whereby the light signal is directly proportional to the amount of active renin. Renin assay is calibrated against the reference preparation of purified human renin provided by the National Institute of Biological Standards and Controls 68/356. Renin values range from 1.8 to 550 mU/l (1-330 pg/ml) with an analytical sensitivity of 0.6 mU/l and an intraassay and interassay variability ranging, respectively, from 7.7 to 2.6% and from 11.2 to 6.6% for low and high values of PRC.
Statistical analysis
The sample was categorized initially into groups according to sex and age classes. The sample was subsequently categorized according to BP category, weight class and pubertal stage.
The shape of continuous distribution was assessed by histogram representations and the logarithm transformation was applied to improve symmetry if needed. Boxplots were used to describe the distribution of the logarithm of aldosterone, the logarithm of renin and the logarithm of ARR according to age and sex based groups.
The continuous variables were described by mean and SD, median and lower (Q1) and upper (Q3) quartiles. Distributions were compared across groups by the parametric or nonparametric analysis of variance. The categorical variables were described by the proportion of patients falling into each category. Proportions were compared across groups by the Chi-square test.
Multiple linear regression was used to assess the influence of age, pubertal stage, their interaction, weight class (overweight vs. normal weight, obese vs. overweight), BP category (prehypertensive vs. normotensive, hypertensive vs. prehypertensive), family history of hypertension (at least one parent vs. none), heart rate (HR), HOMA index, eGFR, sodium, potassium on the natural logarithm of aldosterone, on the natural logarithm of renin and on the natural logarithm of the ARR in females and in males. In the model with the logarithm of aldosterone as outcome, we evaluated also the effect of the natural logarithm of renin and in the model with the logarithm of renin as outcome we included also the natural logarithm of aldosterone as covariate. Analysis and graphs were conducted with the SAS software and the package R (available at http://cran.r-project.org/).
RESULTS
A total of 287 children (52.3% males, average age in years 11.0, SD ¼ 2.5) were enrolled in the study. Anthropometric, clinical and biochemical features of this cohort are shown in Tables 1 and 2 in the subsamples obtained according to sex and age classes. <0.001 At pubertal age, the percentage of females was slightly higher than that of males (53.3 vs. 44.7%, P value ¼ 0.145) due to an earlier transition to puberty. Among the 137 females 28 were menstruating. A percentage of about 75% in each sex showed excess of weight with tendency of BMI z-score to decrease with increasing age that reached the statistical significance only in females. This observation goes along with the high percentage of children with WtHr more than 50% found in all age classes that also tended to decrease with increasing age.
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HR decreased significantly in girls and boys with increasing age and it was consistently higher in females (P value ¼ 0.002). A similar family history of hypertension (with one or both parents hypertensive) was reported in about one-third of children in both sexes (P value ¼ 0.460). SBP and DBP zscores showed a tendency to increase with increasing age but, overall, with average values slightly lower in females (P value ¼ 0.072 and 0.110 in males and females, respectively). Accordingly, the percentage of patients with BP values above the 90th percentile was smaller in females than in males (21 vs. 32%, P value ¼ 0.039). As expected, with increasing age there was a progressive, statistically significant decline in eGFR, whereas the HOMA index showed an opposite trend to increase. The magnitude of these changes was similar in both sexes.
Plasma aldosterone concentration, plasma renin concentration and aldosterone-to-renin ratio by age and sex Median PAC were 12.3 and 9.9 ng/dl, respectively, in females and males (P value ¼ 0.019) and the corresponding median values of PRC were 47.4 and 50.6 mU/l (P value ¼ 0.299). Median ARR was sensibly higher in females than in males (0.25 vs. 0.20, P value ¼ 0.011). Median and interquartile values of PAC, PRC and ARR by age classes and sex are represented in Fig. 1 PAC was fairly similar throughout the age periods in both sexes (from a median value of 11.0 in the youngest class to 16.0, 10.1 and 12.6 ng/dl in the older classes in females and from 7.5 to 10.4, 12.0 and 9.9 ng/dl in the equivalent classes of males). In males, PRC was also similar across age classes (from a median of 58.2 in the youngest children to 50.0, 42.0 and 55.5 mU/l in the older classes), whereas in females it progressively and significantly fell with increasing age (from a median of 61.5 to 51.9, 42.0 and 36.6 mU/l, P value <0.001). As a result, median ARR was unchanged throughout the age classes in males (from 0.18 to 0.20, 0.24 and 0.19), whereas it increased significantly in females (from 0.19 to 0.28, 0.25 and 0.36, P value ¼ 0.032).
Effect of blood pressure, weight and puberty on plasma aldosterone concentration, plasma renin concentration and aldosterone-to-renin ratio PAC, PRC and ARR are summarized according to BP category and weight class in Table 3 . In females, there was a slight, NS reduction of both PAC and PRC in prehypertensive and hypertensive females, whereas in males, PRC tended to increase with the elevation in BP. Median ARR values were similar across BP categories ranging from 0.26 
SD
Mean
SD
Mean
SD
Mean
SD
Mean
SD
Mean
SD
Mean
SD
Mean
SD
Mean
SD
Mean
SD
Heart rate (beats/min) Aldosterone-to-renin ratio in children to 0.24 in females and from 0.21 to 0.17 in males. PAC, PRC and ARR were also similar in normal weight, overweight and obese children. In prepubertal female, median PAC was slightly higher than in pubertal status (13.9 vs. 10.6 ng/dl), whereas it was similar in males (9.5 vs. 10.2ng/ dl). In contrast with puberty median PRC had a sharp 25% reduction (from 53.6 to 40.2 mU/l, P value ¼ 0.033) in Bold values refer to mean or median values of each parameter.
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female children, whereas it was unchanged in males (from 52.0 to 47 mU/l). As a result of these changes in each sex, ARR was similar in prepubertal and pubertal status but, in agreement with frequency distribution evaluation, higher in females than in males (Table 4) .
Multiple regression analysis
The overall log-transformed frequency distribution of PAC, PRC and ARR are shown in Supplementary Fig. 1 
DISCUSSION
Our study offers novel information on the distribution of PAC, PRC and ARR in a large sample of children and adolescents referred to our Unit for Cardiovascular Risk Assessment. Our data fill a gap in knowledge on the distribution of these variables in young individuals characterized by different age, sex, weight and BP values. Primary aldosteronism is a rare disease in childhood, in most cases due to adrenal hyperplasia [25] . However, it is increasingly appreciated that in pediatric populations the prevalence of familial primary aldosteronism due to the chimeric gene composed of regulatory steroid 11 betahydroxilase and coding aldosterone synthase sequences is higher than in adults (3.0 vs. 0.5-1.0%) [26] . Thus, it is important for clinical purposes to assess in children the values of PAC, PRC and ARR. Currently, newer automated immunochemiluminescent methods, being faster, simpler and more reproducible among laboratories [27] , are extensively used instead of the conventional, more laborious radioimmunoassays. As far as we know, our study is the first to report this information in children using the immunochemiluminescent assays for plasma aldosterone and plasma renin measurements carried out simultaneously on a fully automated platform. Our results are not numerically comparable with those of Martinez-Aguayo et al. [15] who examined a cohort of children of similar age because in their study renin was measured as PRA, whereas aldosterone was evaluated in serum with a radioimmunoassay. However, in agreement with that study, we found that median ARR values were about half of those reported in the two largest studies on ARR carried out in adults [4, 11] , the difference being essentially due to PRC levels that were three to four-fold higher in children. A possible explanation of this finding is that dietary sodium intake is usually lower in children than in adults. Anyhow this observation confirms in children the dominant influence of renin in determining the derived ratio [11] . Therefore, for future studies in pediatric populations, no matter how PAC and PRC are measured, lower cutoff values of ARR should be adopted when using this index as a screening test for primary aldosteronism. The second major finding of our study is that in females median ARR values are higher than in males (0.25 vs. 0.20, P value ¼ 0.011) as indicated by the respective frequency distributions. Several studies have found in normotensive and hypertensive adults that female sex is positively associated with higher values of ARR [4, 11, 28] . However, we report herein the novel finding that median ARRs diverge between sexes with increasing age in that values are similar in the youngest age classes [4, 9) (0.18 vs. 0.19) and progressively increase in females to the point of being statistically different in the oldest age class [13, 18) (0.36 vs. 0.19). The incremental trend of ARR in females was driven by the progressive reduction in PRC that was not seen in males. Also Martinez-Aguayo et al. [15] reported lower values of PRA in females than in males, but their finding was confined to patients with a family history of hypertension and apparently was not age-related. A number of factors may contribute to the fall in PRC with age. In adulthood, the ARR was found positively associated with progression of BP and incident hypertension [4] . In our study, SBP and DBP z-scores did not display a significant trend to increase with age, but, if at all, tended to increase to a greater extent in males. Even examining data by BP categories, the percentage of children with prehypertension/hypertension was greater in males than in females. Adiposity may affect PAC in white children [29] . However, we found similar values of PAC, PRC and ARR in normal weight, overweight and obese children in both sexes. Also with multivariate analysis no significant association was found between PAC, PRC, ARR and BMI z-scores.
In agreement with other investigators [4, 11] , we found that age and female sex were inversely correlated with PRC and positively with ARR. However, the mechanisms whereby age 'per se' may be the cause of the divergent trends in PRC and ARR in the two sexes are not clear. Puberty may be the key factor to explain this finding in that PRC was significantly higher in prepubertal than in pubertal status. Indeed, the doubling of estradiol production that occurs in females at the onset of puberty [30, 31] may augment the production of angiotensinogen by the liver leading to increased angiotensin I and angiotensin II generation that, in turn, can reduce renin secretion by the compensatory, short-loop negative feedback mechanism. In this respect, it is worth underlining that in this setting, the measurement of PRC is more likely to reveal the decrease in renin secretion better than PRA because the former method measures renin as mass concentration, whereas the latter is also dependent on angiotensinogen concentration. Changes in angiotensinogen may profoundly affect angiotensin I and II in vivo. As we have previously shown, the slope of the regression lines depicting the relationship between PRA and PRC is markedly different in clinical conditions associated with increased (pregnancy) or decreased (liver cirrhosis) angiotensinogen [32] . Also increments of angiotensinogen smaller than those observed in pregnancy may suffice to augment angiotensin I generation since, at steady state, the plasma concentration of the renin substrate is close to the Michaelis-Menten constant of its reaction with renin [33] . Further support to this interpretation of our results comes from the work of Ahmed et al. [34] who found that, in healthy premenopausal women, oral estrogen treatment caused an increase in PRA that was associated with a reduction of PRC, leading to 'falsely high' values of ARR. Estrogens were not measured in this study; however, the clinical signs used to define the pubertal status are associated with the increase in endogenous estrogens [20] , and it is well known that estrogens have reciprocal effects on renin and angiotensinogen, suppressing the former and stimulating the latter [35] . In addition, estrogens exert sympatholytic and direct vasodilatory actions that may have contributed to the lower SBP and DBP z-scores and to the lower rate of prehypertensive/hypertensive cases found in females. It is also well known that estrogens and progesterone modulate aldosterone secretion and responsiveness to angiotensin II as well as the renal effects of aldosterone on potassium excretion [36, 37] . Thus, the complex interaction between the puberty-induced changes in sex hormones, the components of the renin angiotensin system and potassium metabolism may tentatively explain the lack of decline in PAC that was found in females despite the fall in PRC.
The main limitation of our study is that we did not measure PRA, angiotensinogen and angiotensin II. Admittedly, in absence of these data, the hypothesis provided to explain the fall in PRC as a result of a counter-regulatory feedback mechanism remains speculative. However, the interpretation of our finding is physiologically sound and in agreement with that proposed by other investigators [28, 33, 34] . Also the measurements of estrogen and progesterone, not carried out in this study, could have contributed to explain the fall in PRC and the rise in ARR observed in females with increasing age and particularly so in the small group of menstruating females. A further limitation is that the sample was selected on the grounds of the presence of elevated BP values and/or weight excess and/or a positive family history of hypertension. These factors, however, were accounted for in an adjusted analysis. Also, due to the relatively small number of prehypertensive and hypertensive children included in the study, the possible role of elevated BP in determining ARR values should be further investigated in larger cohorts of children.
In conclusion, in this study, we report that in both sexes the ARR values are about half of those found in adults using the same methods, by measuring PAC and PRC with automated immunochemiluminescent assays. We also show that with increasing age the ARR diverges between sexes in that it remains stable in males, whereas it significantly increases in females as a result of a marked fall in PRC associated with the transition to pubertal status. Pubertyinduced changes in sex hormones may be responsible for the changes in PRC seen in females. BP, weight and family history of hypertension do not affect ARR values. These results contribute to shed light on the sex differences in the regulation of renin and aldosterone and provide basic information for future clinical studies addressing prevalence and diagnosis of primary aldosteronism in children.
Reviewers' Summary Evaluations
Reviewer 1
The levels of plasma aldosterone (PAC) and plasma renin concentration (PRC) and their ratio (ARR) in a remarkable cohort of children of different classes of age, measured by a recently available immunochemiluminescent assay, are reported in this paper. Although the setting of this study was not the ideal for defining 'normal reference values' the authors have managed to adjust the data for body weight, BP, family history of hypertension and other confounders. The final results show that overall ARR are significantly lower than in adults and are quite constant over the different ages (from 4 to 18) years in males while in the female group ARR is higher in puberty possibly due to the effect of sex hormones in decreasing the values of PRC. This is a Aldosterone-to-renin ratio in children useful set of data which were previously missing in the field.
Reviewer 2
This well written manuscript reports on plasma aldosterone (PAC), renin (as direct rennin concentration, PRC) and aldosterone/renin ratio (ARR) levels in children and thereby provides valuable novel data and new insights. Limitations, acknowledged by the authors, include lack of measurement of renin as plasma renin activity (PRA), given that recent studies have shown ARR in adult, menstruating women to be much higher than in adult men when renin is measured by PRC, but much less so when using PRA. It would have been interesting to see if that were also the case in children.
